1. Introduction {#sec1-1}
===============

As a result of the rapid development of the nanotechnology industry, there has been concern regarding its potential toxicity and ecotoxicology. Although there are many applications of nanoparticles (NPs), their effects within the environment and their interactions with living organisms are not fully known.

Toxicity of silver NPs (Ag-NPs) on rat, mouse, and fish models has been investigated \[[@ref1][@ref2][@ref3]\]. Histological biomarkers were used for the detection of Ag-NPs in some fish \[[@ref1][@ref2]\], indicating the severe damage of those NPs. Neurotoxicity and cytotoxicity of Ag-NPs were observed in several studies \[[@ref3][@ref4]\]. It has been reported that the effects of Ag-NPs may be dependent on the cell types and species used \[[@ref5]\]. Many studies have indicated oxidative stress as a response to exposure to Ag-NPs \[[@ref3][@ref5]\].

Melanomacrophages of fish were identified as pigment-containing cells and a prominent feature of hematopoietic tissue \[[@ref6]\]. As a relationship between the breakdown product of hemoglobin in the red blood cells of fishes and the pigment inside them, the study of the changes of melano-macrophages (size and distribution) in target organs after exposure to Ag-NPs. Also, this study will confirm our previous publications about the genotoxicity in RBCs after Ag-NPs exposure \[[@ref3]\]. Melanomacrophages in fish play a role in immunological protection as phagocytosis and they have been used as biomarkers for environmental pollution \[[@ref7][@ref8]\].

Several studies have investigated the melanomacrophage centers (MMCs) in a wide range of fish \[[@ref7][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15]\]. There are several reports on the immunotoxic effects of starvation, potassium dichromate, ulcer disease, cadmium chloride, foreign bodies, toxic plants, and heavy metals on MMCs in several fish species \[[@ref6][@ref9][@ref13][@ref14][@ref16][@ref17][@ref18]\].

The purposes of our present study were twofold: (1) to focus on the effect of Ag-NPs on the occurrence of MMCs in liver, spleen, and kidney as target organs of one of the most economically important fish in Egypt, African catfish (*Clarias gariepinus*); and (2) to investigate the histopathological alterations in target organs after Ag-NP exposure.

2. Materials and Methods {#sec1-2}
========================

2.1. C. gariepinus {#sec2-1}
------------------

Adult male *C. gariepinus* (Burchell, 1822) were collected from the River Nile in July 2012. Fish were kept at \~28°C with a 12 h/12 h light/dark cycle and held in a closed recirculating system (300 L) for 6 months to acclimatize to laboratory conditions. The adaption conditions, feeding, and fish body size have been described previously \[[@ref3]\].

2.2. Experimental design {#sec2-2}
------------------------

The experimental design has been described previously \[[@ref3]\]. All information about the preparation, characterization of Ag-NPs, and determination of Ag bioaccumulation have also been reported previously.

2.3. Histopathological alterations {#sec2-3}
----------------------------------

After 14 days Ag-NP exposure, the specimens from the selected organs (spleen, kidney, and liver) were rapidly excised, and cut into small pieces, which were used for histopathological examination. Tissue pieces were fixed in 10% of neutral-buffered formalin (pH 7.2), dehydrated in an ascending series of ethanol, cleared in methyl benzoate, and embedded in paraffin wax. Paraffin sections of 7 μm thickness were prepared and stained with Harris\'s hematoxylin and eosin. Twenty randomly selected sections of six fish from each experimental group were chosen to indicate each histopathological parameter as (mild, + \< 25% area of section; moderate, ++ 25--50% area of section; and severe, +++ \> 50% area of section). Finally, tissues were examined and imaged using an Omax advanced trinocular biological microscope with a 14MP USB Digital Camera (CS-M837ZFLR-C140U, U.S.).

2.4. MMC frequency {#sec2-4}
------------------

According to the method of Kranz and Gercken \[[@ref18]\], histological evaluation of spleen, kidney, and liver cross-sections included counting of MMCs/1 cm organ and measurement of MMCs in defined organ areas were done. For comparison of the results, the frequency of MMCs per defined organ area, the average size of MMCs per 1 cm organ, and the percentage of MMCs area per 1 cm organ area were calculated using ImageJ software (ImageJ/Fiji 1.46).

2.5. Statistical analysis {#sec2-5}
-------------------------

The basic statistics (means, standard divisions, and ranges) were calculated. One-way analysis of variance using the SPSS package at the 0.00001 was used.

2.6. Ethical statement {#sec2-6}
----------------------

All experiments were carried out in accordance with the Egyptian laws and University guidelines for the care of experimental animals. All procedures were approved by the Committee of the Faculty of Science of Assiut University, Egypt.

3. Results {#sec1-3}
==========

3.1. Frequency, size, and proportion of MMCs {#sec2-7}
--------------------------------------------

In the spleen, size and average number of MMCs per 1 cm/organ was the highest value compared with other organs. In kidney and liver, MMCs were noted in all groups. The average number of MMCs per organ size in all tissues of exposed fish increased when compared with the controls. There was a significant (*p* \< 0.00001) difference in the size and the frequency of MMCs between the control and treated groups ([Table 1](#T1){ref-type="table"}, [Figure 1](#F1){ref-type="fig"}).

###### 

Changes in number and size of MMCs/cm organ after exposure to Ag-NPs in adult *Clarias gariepinus* (*n* = 6).

  Item                 No. of MMCs/cm organ   Size of MMC/cm organ (μm)                                                    
  -------------------- ---------------------- --------------------------- -------------- ---------------- ---------------- ---------------
  **Control**          6 ± 1.06               4 ± 0.37                    2 ± 0.26       1.13 ± 0.21      0.7 ± 0.09       0.72 ± 0.07
                       (2--9)^c^              (3--5)^c^                   (1--3)^c^      (0.7--2.1)^b^    (0.5--1.1)^c^    (0.5--0.9)^c^
  **25 mg/L Ag-NPs**   8.33 ±0.71             4.67 ± 0.5                  3.83 ±1.08     2.65 ± 0.22      2.65 ± 0.4       1.05 ±0.08
                       (5--10)^c^             (3--6)^c^                   (1--8)^bc^     (2.1--3.4)^b^    (1.6--3.7)^c^    (0.8--1.3)^c^
  **50 mg/L Ag-NPs**   18.67 ± 1.52           7.5 ± 0.85                  7.67 ± 1.17    11.95 ± 2.4      5.48 ± 0.65      2.12 ± 0.14
                       (14--24)^b^            (5--10)^b^                  (3--11)^ab^    (6.5--22.5)^a^   (3.6--7.8)^b^    (1.7--2.6)^b^
  **75 mg/L Ag-NPs**   28.17 ± 1.01           15 ± 0.89                   11.17 ± 1.35   10.22 ± 0.72     8.35 ± 0.63      2.97 ± 0.14
                       (24--31)^a^            (12--18)^a^                 (7--16)^a^     (7.8--12.1)^a^   (6.7--10.1)^a^   (2.4--3.4)^a^

sig.=0.00001 between groups of all organs (analysis of variance)

![Changes in the number and size of melanomacrophages centers (MMCs)/cm in each organ after exposure to silver nanoparticles in adult African catfish (*Clarias gariepinus)* (*n* = 6).](JMAU-5-97-g001){#F1}

3.2. Histopathological alterations {#sec2-8}
----------------------------------

[Table 2](#T2){ref-type="table"} summarizes the tissue lesion score according to severity. Figures [2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"} illustrate the normal architecture of the spleen as red and white pulp. White pulp typically surrounds the arterioles. The thin pale bands are trabeculae (supporting collagen bundles). Spleen sections after exposure to 25 mg/L Ag-NPs for 2 weeks (Figures [2C](#F2){ref-type="fig"} and [2D](#F2){ref-type="fig"}) showed rupture within the white pulp and hemorrhage. Spleen sections after exposure to 50 mg/L Ag-NPs for 2 weeks showed different morphological changes, such as a dislocation of nuclei and accumulation of inflammatory leukocytes, and congestion in blood vessels (Figures [2E](#F2){ref-type="fig"} and [2F](#F2){ref-type="fig"}). Spleen sections after exposure to 75 mg/L Ag-NPs for 2 weeks showed severe congestion in the blood vessels (arrows), and different types of degeneration throughout the tissue (Figures [2G](#F2){ref-type="fig"} and [2H](#F2){ref-type="fig"}).

###### 

Histopathological changes in adult *Clarias gariepinus* exposed to Ag-NPs for 14 days.

  Organ    Parameters                       Control   25 mg/L Ag-NPs   50 mg/L Ag-NPs   75 mg/LAg-NPs
  -------- -------------------------------- --------- ---------------- ---------------- ---------------
  Spleen   Irregular architecture           --        \+               \+               ~+~
           Red pulp rupture                 --        \+               \+               ++
           Hemorrhage                       --        \+               --               --
           Nuclei dislocation               --        --               ++               ++
           Leukocytic infiltration          --        --               \+               ~+~
           Blood vessel congestion          --        --               \+               ++
  Kidney   Irregular architecture           --        \+               \+               ~+~
           Malpighian corpuscle shrinkage   --        \+               \+               ~+~
           Nuclei dislocation               --        \+               \+               ~+~
           Cellular degeneration            --        \+               ++               +++
           Leukocytic infiltration          --                         \+               ++
  Liver    Irregular architecture           --        \+               \+               ~+~
           Epithelium dislocation           --        \+               \+               ++
           Blood vessel dilation            --        \+               \+               ~+~
           Leukocytic infiltration          --        \+               \+               ++
           Pyknotic nuclei                  --        --               \+               ~+~
           Necrotic areas                   --        --               --               ~+~
           Connective tissue fibers         --        --               --               ~+~
           Congestion                       --        --               ++               --

Lesions were scored based on their severity as (-- none, + mild, ++ moderate, +++ severe). Ag-NP = silver nanoparticle.

![(A and B) Photomicrograph of spleen sections of control *Clarias gariepinus* illustrating the normal architecture of the spleen as red pulp (RP) and white pulp (WP). The thin pale bands are trabeculae (T), (H&E, 200× and 400×). (C and D) Photomicrograph of spleen sections of treated *C. gariepinus* after exposure to 25 mg/L Ag-NPs showing rupture (R) within the WP and little hemorrhages (H) (H&E, 400×). (E and F) Photomicrograph of spleen sections of treated *C. gariepinus* after exposure to 50 mg/L Ag-NPs showing different features of morphological changes such as dislocation of nuclei (Dis), accumulated inflammatory leukocytes (L), and congestion in blood vessels (cong) (H&E, 400×). (G and H) Photomicrograph of spleen sections of treated *C. gariepinus* after exposure to 75 mg/L Ag-NPs showing severe congestion in blood vessels (arrows) and different types of degeneration throughout the tissue (H&E, 200× and 400×). Ag-NP = silver nanoparticle; H&E = hematoxylin and eosin.](JMAU-5-97-g002){#F2}

Figures [3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"} illustrate the normal architecture of the kidney with Malpighian corpuscles and renal convoluted tubules. Kidney sections after exposure to 25 mg/L Ag-NPs for 2 weeks (Figures [3C](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}) showed shrinkage of Malpighian corpuscles and dislocation of nuclei in the convoluted tubules. Kidney sections after exposure to 50 mg/L Ag-NPs for 2 weeks showed cellular degeneration that led to disorganization of the convoluted tubules and dispersed infiltration of leukocytes (Figures [3E](#F3){ref-type="fig"} and [3F](#F3){ref-type="fig"}). Kidney sections after exposure to 75 mg/L Ag-NPs for 2 weeks showed degeneration that caused many spaces and proliferation of inflammatory leukocytes (Figures [3G](#F3){ref-type="fig"} and [3H](#F3){ref-type="fig"}).

![(A and B) Photomicrograph of kidney sections of control *Clarias gariepinus* illustrates the normal architecture of the kidney as Malpighian corpuscles (M) and renal convoluted tubules (T), (H&E, 400×). (C and D) Photomicrograph of kidney sections of treated *C. gariepinus* after exposure to 25 mg/L Ag-NPs showing shrinkage of Malpighian corpuscle (arrows) and dislocation of nuclei in convoluted tubules (Dis) (H&E, 400×). (E and F) Photomicrograph of kidney sections of treated *C. gariepinus*, after exposure to 50 mg/L Ag-NPs showing cellular degeneration and dispersed infiltration of leukocytes (L). (H&E, 400×). (G and H) Photomicrograph of kidney sections of treated *C. gariepinus*, after exposure to 75 mg/L Ag-NPs showing degeneration (D), causing many spaces and proliferation of inflammatory leukocytes (L). (H&E, 400×) Ag-NP = silver nanoparticle; H&E = hematoxylin and eosin.](JMAU-5-97-g003){#F3}

The normal architecture of the liver is shown in Figures [4A](#F4){ref-type="fig"} and [4B](#F4){ref-type="fig"}. No signs of histopathological changes were observed in the control group, where the hepatocytes were arranged more or less regularly in columns extending radially from the central veins to the periphery of the lobules. Liver sections after exposure to 25 mg/L Ag-NPs for 2 weeks showed different morphological changes including dislocation of epithelium and dilatation of blood vessels associated with inflammatory leukocytic infiltration (Figures [4C](#F4){ref-type="fig"} and [4D](#F4){ref-type="fig"}). Liver sections after exposure to 50 mg/L Ag-NPs for 2 weeks showed mild inflammatory leukocytic infiltration, pyknotic nuclei of hepatocytes, and congestion (Figures [4E](#F4){ref-type="fig"} and [4F](#F4){ref-type="fig"}). Liver sections after exposure to 75 mg/L Ag-NPs for 2 weeks in showed necrotic areas and noticeable connective tissue fibers (Figures [4G](#F4){ref-type="fig"} and [4H](#F4){ref-type="fig"}).

![(A and B) Photomicrograph of a liver section of control *Clarias gariepinus* showing normal architecture of hepatic tissue and the central vein (CV) (H&E, 200×). (C and D) Photomicrograph of liver sections of treated *C. gariepinus* after exposure to 25 mg/L Ag-NPs showing different features of morphological changes such as dislocation of epithelium (Dis) and dilatation of blood vessels (Dil), associated with inflammatory leukocytic infiltration (arrows) (H&E, 400×). (E and F) Photomicrograph of liver sections of treated *C. gariepinus* after exposure to 50 mg/L Ag-NPs showing mild inflammatory leukocytic infiltration (L), pyknotic nuclei of hepatocytes (P), and congestion (Cong) (H&E, 400×). (G and H) Photomicrograph of liver sections of treated *C. gariepinus* after exposure to 75 mg/L Ag-NPs showing necrotic areas (N) and noticeable connective tissue fibers (CF). (H&E, 400×). Ag-NP = silver nanoparticle; H&E = hematoxylin and eosin.](JMAU-5-97-g004){#F4}

4. Discussion {#sec1-4}
=============

Although a lot of progress has been made in the science of nanotoxicology, the fate, behavior, and biological effects of NPs in freshwater and marine environments have received little attention \[[@ref19]\]. No study to date has investigated the effects of exposure to Ag-NPs in African catfish, especially using MMCs as biomarkers for immunotoxicology \[[@ref3]\].

As a result of their small size, the NPs are able to bypass barriers and enter the cells of living organisms, passing through cell membranes and junctions and causing adverse effects such as apoptosis and generation of reactive oxygen species \[[@ref5]\]. Liver histopathological lesions have been used as markers of environmental pollution \[[@ref20][@ref21]\]. Hepatic histopathological alterations in fish exposed to NPs have been reported \[[@ref4][@ref22]\]. Ag-NPs were one of the two most toxic of 31 types of NPs to zebrafish \[[@ref23]\]. The concentrations of Ag-NPs used in the present study were higher than those used by Ostaszewska et al \[[@ref1]\], and this was because of the annual increase in Ag-NPs needed to reach the lethal levels for aquatic organisms \[[@ref2][@ref24]\].

The present study is believed to be the first to report the effects of Ag-NPs on African catfish using MMCs as a biomarker for immunotoxicity. Histopathological analysis revealed that lesions caused by Ag-NPs in the spleen, kidney, and liver, were the most severe alterations recorded in fish exposed to 25 mg/L and 75 mg/L of Ag-NPs, and the frequency and severity of these alterations increased with the concentration of Ag-NPs.

The alterations in RBCs recorded in our previous study \[[@ref3]\] and the current alterations in the tissues may be a result of the stressful conditions that affected the fish physiology \[[@ref2]\]. Also, tissue-damaging enzymes, including acid phosphatase (ACP), alkaline phosphatase, glutathione S-transferase, superoxide dismutase, and catalase have been found after oral administration of Ag-NPs. The mechanism of this damage is illustrated by the ability of NPs to produce reactive oxygen species, leading to oxidative stress \[[@ref2][@ref25]\].

Exposure of Siberian sturgeon to Ag-NPs (0.1 mg/L, 0.5 mg/L, and 1.5 mg/L) caused karyopyknosis, eosinophilic bodies, sinusoidal space dilation, blood cell aggregation in blood vessels, hepatocyte vacuolization, and hepatocyte shrinkage \[[@ref1]\]. Rajkumar et al \[[@ref2]\] reported vacuolar degeneration in the liver, and necrosis after Ag-NP exposure, and our current results were in agreement with those results. Govindasamy and Rahuman \[[@ref22]\] found dilation of sinusoid space in the liver of Mozambique tilapia (*Oreochromis mossambicus*) treated with Ag-NPs. Those alterations indicated apoptosis and degeneration of hepatocytes caused by the toxic action of NPs \[[@ref26]\]. Alterations in spleen, kidney, and liver of Nile tilapia *Oreochromis niloticus* after exposure to mercury have been reported \[[@ref27]\]. Kaewamatawong et al. \[[@ref27]\] reported similar alterations in kidney, spleen, and liver of *O. niloticus* after exposure to mercury, where they observed degeneration and massive necrosis in the kidney, degeneration of hepatocytes with vacuolization, and increased number of MMCs in the spleen in experimental fish compared to the controls.

The role of MMCs is to destroy and detoxify endogenous and exogenous substances, and response to foreign bodies has been reported \[[@ref7][@ref28]\], Although MMCs are used as bioindicators of aquatic pollution, stress, environmental impact, and chronic inflammation \[[@ref15][@ref29]\], the changes in MMCs are related to age, gender, species, hormonal condition, and other factors \[[@ref20][@ref30]\].

In the present study, there was a significant frequency and size of MMCs recorded in the spleen, kidney, and liver of catfish exposed to Ag-NPs. These results were consistent with some previous studies \[[@ref6][@ref31][@ref32]\] but contrasted with Jovanović et al \[[@ref33]\], who recorded a reduction of MMCs in the kidney after exposure to TiO~2~ NPs. The increase in MMCs may have resulted from their role in detoxification processes \[[@ref7]\], and involvement in innate and adaptive immunity \[[@ref8]\].

Increases in the numbers and size of MMCs have been observed after environmental pollution \[[@ref7][@ref34]\], heavy metal contamination in fish \[[@ref27][@ref31]\], water quality \[[@ref13]\], bacterial infection of fish \[[@ref35]\], fish diseases \[[@ref36][@ref37]\], exposure to toxic plant extracts \[[@ref16]\], after starvation \[[@ref9]\], after exposure to potassium dichromate \[[@ref18]\], fish ulcers \[[@ref14]\], and fish parasites \[[@ref38]\]. Usually, the increase in MMCs associated with histopathological alterations, indicating the oxidative stress that leads to aggregation of lymphocytes suggesting the immune response of MMCs \[[@ref9][@ref18]\].

In conclusion, this study demonstrated that Ag-NPs are toxic to African catfish. Fish exposed to Ag-NPs showed histopathological alterations in the spleen, kidney, and liver, and the severity of this damage depended on the NP concentration. Also, the number and size of MMCs were increased in all target organs, indicating the immune role of the MMCs.
